Summary Studies have been performed to investigate the radiosensitivity of human squamous carcinoma cells. A431 cells were grown in itro as exponential and fed-plateau monolayer cultures or as multicellular spheroids. Radiobiological studies of various cultures showed that fed-plateau phase cells were more sensitive (Do =1.3Gy) than exponentially growing cells (Do =1.5Gy). After a single dose of 12Gy or two doses of 6 Gy irradiation, A431 cultures exhibited a large capacity for potentially lethal damage (PLD) repair (PLD repair factor= 17), but a relatively small sublethal damage (SLD) repair. In order to measure the radiation sensitivity of proliferating (P) and quiescent (Q) cells, enriched populations of P-and Q-cells were isolated from A431 spheroids. Flow cytometric analysis with acridine orange (AO) staining demonstrated that there was a shift of the RNA histograms in fed-plateau and spheroid cultures towards lower values, suggesting the presence of a subpopulation of Q-cells. Centrifugal elutriation was used to isolate the Q-cells from dissociated spheroid cells. Coulter cell volume distributions and flow cytometric analysis showed that Q-cells had a small cell volume (-1380,um3), low RNA content and a G,-like DNA content. Continuous labelling experiments with tritiated thymidine confirmed the non-proliferating nature of the Q-cells. Irradiation of the Q-cells after isolation from spheroids with between 0 to lOGy showed that they were more radiosensitive (decreased Do) than the P-cells isolated from these spheroids. The latter were, however, similar in radiosensitivity to exponential G, cells.
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The existence of subpopulations of cells with varying characteristics within both human and animal tumours of different histological types or from various organ sites is now well-known (Dexter & Calabresi, 1982; Heppner & Miller, 1983; Miller, 1982; Owens et al., 1982; Woodruff, 1983) . In general, tumour heterogeneity may arise because of 'intrinsic cellular' (e.g. genetic or epigenetic mechanisms) or ,extrinsic microenvironmental' factors (e.g. nutrient deprivation, catabolite accumulation, or both). In the latter case, differences in the local milieu of growing tumour cells can cause the formation of 3 distinct subpopulations with respect to their proliferative status: a cycling or proliferating subpopulation, a non-cycling or quiescent subpopulation and a non-proliferating subpopulation destined for death. The presence of P-and Q-cells in human and animal tumours has been previously reported (Dethlefsen, 1979; Wallen et al., 1984) . Additionally, these cells manifest quite different sensitivities to various therapeutic modalities, for instance, Q-cells had been previously observed to be less sensitive than P-cells to radiation (Potmesil & Goldfeder, 1980; Kallman et al., 1979) or chemotherapy (Sutherland, 1974; Clarkson, 1974) . However, other reports subsequently indicated that Qcells might be more, not less, sensitive than P-cells to radiation (Luk et al., 1985 (Luk et al., , 1986 Freyer & Schor, 1985) . Therefore, it would appear that the differential response between P-and Q-cells to therapeutic regimens is still unresolved and additional study of the response of Q-cells, especially of human tumours is required.
Most previous models of Q-cells used in vitro cultures which were starved by nutrient deprivation (Dethlefsen, 1979) . However, such a condition for achieving quiescence may not resemble the in vivo situation where P-and Q-cells coexist in a complex and dynamic microenvironment. Since multicellular spheroids contain heterogenous mixtures of tumour cells differing in their proliferative status, they may be useful for investigating any differential response between P-and Q-cells. Furthermore, the microenvironment within spheroids, with its oxygen concentration gradient across a viable rim of proliferating and quiescent cells accompanied by an accumulation of waste products in the center, closely mimics the actual situation in solid tumours (Sutherland et al., 1971) . Spheroids also develop subpopulations resistant to radiation or chemical agents (Sutherland et al., 1976 (Sutherland et al., , 1979 Yuhas et al., 1978) . We have reported that enriched populations of Q-cells can be isolated from spheroids and plateau phase cultures grown from a mouse mammary tumour (Bauer et al., 1982; Luk et al., 1985 Luk et al., , 1986 . In the present paper, we have characterized a human squamous carcinoma cell line in terms of its radiation sensitivity, capacity for repair of PLD, and SLD, and the differential radiation sensitivity between Q-and P-cells from monolayer and spheroid cultures. (Giard et al., 1973) with doses between 0 to 1OGy as previously described (Luk et al., 1986) .
Materials and methods

Cell
Cell Survival
Cell survival was determined as the ability to form colonies.
For the irradiation studies, varying numbers of cells were plated into 60mm dishes (Corning Glass Works, Coming, NY), incubated for 16 days at 37°C in 5% CO2 and 95% air and stained with methylene blue. Colonies consisting of more than 50 cells were scored. Either 3 or 5 replicate dishes per dilution were plated. Cell survival was calculated by the ratio of colony forming ability of irradiated cells to that of unirradiated control. The repair of potentially lethal damage was measured from the increase in cell survival after delayplating the fed-plateau cells from 0-24 h. For the measurement of SLD repair, cell survival was determined after irradiation with two single doses of 6Gy separated by 0-6 h.
Centrifugal elutriation
Dissociated spheroid or trypsinized exponential cells were elutriated in ice-cold medium (containing 10%, not 20%, FBS). Essentially this entailed loading the cells into the separation chamber, maintained at 4°C throughout the elutriation, and reducing the rotor speed from -3500 rpm to 2400 rpm with an interval of 100 rpm per reduction while the flow rate was maintained constant at 35mlmin-1. Varying numbers of 40ml fractions were collected at each step (Keng et al., 1980) . The elutriator system was sterilized by using 70% ethanol and flushing with sterile water when necessary.
Cell counts and volume distributions were assessed with a Coulter counter and channelyzer (Models ZB1 and C1000, Coulter Electronics, Hialeah, FL). Cell volumes were estimated from the median channel numbers of the volume distributions using a calibration constant derived from latex microspheres of a known size.
Flow cytometry Cells were stained with acridine orange (AO) using a modified 2-step technique based on the original method of Darzynkiewicz and Traganos (Darzynkiewicz et al., 1981; Traganos et al., 1977) . Briefly, 0.2 ml of a single cell suspension of spheroid or monolayer cells in medium at a concentration of 106 cellsml-1 was added to 0.2ml of 0.1% Triton-X 100 in 0.08N HCl and 0.15M NaCl (pH2.2) for 1 min on ice. Then 0.9 ml of chromatographically-purified AO at a concentration of 12 gml-1 (Polysciences Inc., Warrington, PA) in 0.2M Na2HPG4:0.1 M citric acid (pH 6.0) and 1 mm sodium EDTA was added. This resulted in a final AO concentration (of -2.8 x 10 5 M) which offered good spectral discrimination between nuclear DNA and cytoplasmic RNA (Bauer & Dethlefsen, 1981) .
Fluorescence from the AO-stained cells was monitored on an Epics V flow cytometer (Coulter Electronics Inc., Hialeah, FL) fitted with a 5-watt Argonion laser (Coherent, Palo Alto, CA) operated at a wavelength of 488 nm (500 milliwatts). The optical detection system was comprised essentially of a 560 nm dichroic mirror to split the red and green signals into 2 perpendicular beams and a 515 nm interference barrier filter located in front of the collection lens. Green fluorescence (530-560 nm) was detected through a 530 nm long-pass filter while red fluorescence was simultaneously observed though a 640 nm long-pass filter. A minimum number of 2 x 104 cells was measured at -4°C during the data collection. DNA and RNA histograms (relative green or red fluorescence versus relative cell numbers, respectively) were generated and analyzed using the mathematical model of Fried and Mandel (Fried & Mandel, 1979) Table I . A431 cells in fed-plateau cultures were more radiosensitive than those in exponentially growing cultures, primarily in the slope of the survival curve (Table I) . In order to determine the repair capacity of PLD and SLD, A431 fed plateau (PLD) and exponentially growing (SLD) cultures were irradiated either with a single dose of 12 Gy (PLD) or two doses of 6Gy (SLD) for cell survival analysis (Figure 2) . The results in Figure 2 indicate a substantial amount of PLD repair could be detected 10 h after irradiation and the cell survival remained constant afterward. There was a 17-fold increase in cell survival during PLD repair after this dose. However, only a small amount of SLD repair could be measured in A431 exponentially growing cultures. Figure 3 shows the histograms for green fluorescence (DNA content) and red fluorescence (RNA content) derived from FCM analysis of the exponential and plateau-phase (Luk et al., 1985; Luk et al., 1986; Bauer et al., 1982; Darzynkiewicz et al., 1981; Traganos et al., 1977 The DNA and RNA histograms from FCM analysis of the elutriated fractions were different ( Figure 5) . The DNA histogram analysis shows predominantly G1-like DNA content in fractions A and B which was quite different from fraction C which contained a much greater proportion of S phase cells. The RNA distribution of fraction A, however, was observed at relatively lower values (channel numbers) than that of fraction B, indicating that although these two fractions contained cells with G1-like DNA content they Continuous labelling of cells in spheroids with 3H-thymidine showed that only -20% of the cells in fraction A were labelled after 48h, confirming the quiescent nature of these cells. In contrast, -78% of the cells in fraction B were labelled, indicating that they were predominantly proliferating cells. The control, unelutriated spheroid fraction comprised -51% labelled cells (Table III) . Table 1II also shows the plating efficiencies of these fractions which were not significantly different. Figure 6 shows the Coulter volume distribution of trypsinized exponential-phase cells following centrifugal elutriation. Unseparated exponential cells ranged in volume from -500 jim3 to 4800 jim3 (median volume -2500 jim3). Elutriated cells formed a homogeneous distribution with a small median volume (-1920 iim3 (Figure 7 ). The radiation survival curves obtained with the Q-cells isolated from spheroids by elutriation demonstrated that they were more radiosensitive than the P-cells while the latter were quite similar in sensitivity to the exponential cells (Figure 8 ). It 
Discussion
Tumour heterogeneity may arise because of variations in the microenvironmental conditions such as pH, nutrition, oxygen status or osmolarity. Non-proliferating tumour cells arrested in G1 (Denekamp, 1970; Pallavicini et al., 1979) or in S and 2-M have been observed (Pallavicini et al., 1979; Epinova & Terskitch, 1969) . Using centrifugal elutriation, a relatively non-perturbing technique (Keng et al., 1980) cell volume fractions recovered after elutriation were considerably enriched for Q-cells compared to control, unelutriated spheroid cells. This study therefore provided direct evidence of the presence of Q-cells in these human multicellular tumour spheroids. In addition, the recovered Qcells were clonogenic, had GI-like DNA content and were more radiosensitive than their proliferating counterparts, Pcells, derived under similar experimental conditions.
The 2-parameter AO-staining technique of Darzynkiewicz et al. (1981) and Traganos et al. (1977) formed the basis for the determination of the DNA and RNA distribution and content of the P-and Q-cells by FCM analysis. The clonogenicity of the isolated Q-cells showed that we were recovering real, intact cells and not merely cell nuclei or cytoplasmic fragments which might have DNA and RNA content resembling that of the former but would not have formed colonies after incubation. Evidence supporting the validity of the AO-staining technique for the determination of RNA content was provided by the finding that the mean red fluorescence of AO-stained A43 1 cells was linearly related to RNA content (unpublished) as was reported previously for HeLa and CHO cells (Bauer & Dethlefsen, 1981) , and which we have confirmed for other cell lines. By making a similar assumption, we were able to estimate the number of Q-cells in this study from the red fluorescence obtained after AO-staining. Further confirmation of the quiescent status of the Q-cells was obtained from continuous 3H-thymidine labeling studies after a period equivalent to about one and a half cell-cycle times for the A431 cells.
It has been previously suggested by in vitro studies that Qcells were less clonogenic than P-cells (Bauer et al., 1982; Sigdestad & Grdina, 1981) . This was speculated to support the thesis that Q-cells formed an intermediate compartment between P-and dead cells. In this study, there was no significant differences in clonogenicity between these cells. This observation agreed with recent mouse EMT6 mammary tumour data (Luk et al., 1985 (Luk et al., , 1986 . It should be noted, however, that the differences in clonogenicity reported among P-and Q-cells from the various studies might be reflecting different modes of induction of Q-cells from those studies, for example, by nutrient-deprivation, catabolite accumulation, hypoxia, etc. and/or the ability of the Q-cell population in different cell lines to remain clonogenic under various conditions. Q-cells isolated from human tumor spheroids in this study have been found to be more radiosensitive than P-cells from the same spheroids, in agreement with previous results for EMT6 spheroids (Luk, 1986) . However, this does not necessarily indicate that these cells are not important to radiation therapy. This is because Q-cells may well turn out to be more competent in repairing radiation damage than Pcells. A comparison of Q-cell radiosensitivity with exponential phase GI-cells showed that the latter were also more radioresistant. This study supports the concept that subpopulations of cells with varying degrees of quiescence exhibit different sensitivities to different therapeutic modalities and must be considered further relative to recruitment and repair potentials in order to understand overall responses to therapy.
